The nematode Caenorhabditis elegans is an excellent model animal to study various biological phenomena, including reproduction. In this chapter, we focus on functional roles of spermatogenesis-or sperm-defective ( spe ) genes in the C . elegans male germline during reproduction. So far, approximately 190 mutants of C . elegans that are defective in male germline functions have been isolated, and many of them carry mutated alleles for one of the perhaps 60 spe genes. Most spe genes exhibit male germline-specifi c expression and play roles during spermatogenesis (spermatid production), spermiogenesis (spermatid activation into sperm), or fertilization. For example, spe -8 class genes are indispensable for hermaphroditedependent spermiogenesis. If either of the spe -8 class genes is aberrant, spermatids from mutant hermaphrodites, but not from males, arrest at an intermediate stage during spermiogenesis. In contrast, fertilization requires spe -9 class genes. Hermaphrodites and males of spe -9 class mutants produce otherwise normal sperm that are incapable of fertilizing oocytes. Because C . elegans oocytes have no egg coats, spe -9 class genes are probably required for sperm to bind to and/or fuse with the oocyte plasma membrane. Intriguingly, several spe genes are likely to be orthologues of mammalian genes, suggesting that C . elegans and mammals share some common steps during male germline functions at the molecular level.
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Overview of Caenorhabditis elegans Reproduction
In many life science research fi elds, the nematode Caenorhabditis elegans is utilized as a model animal. The advantage in using this worm is that we can observe biological phenomena in vivo and easily manipulate its genes, about 40 % of which are shared with those of other animal species ( C . elegans Sequencing Consortium 1998 ) . In particular, the many C . elegans mutants available are so powerful in investigating reproduction because sperm and oocytes are haploid, cell types that are too specialized to examine gamete-specifi c gene functions in vitro.
C . elegans somatic cells have fi ve pairs of autosomes (I, II, III, IV, V) and one pair of sex chromosomes (XX or XO). Therefore, there are two sexes in C . elegans , an XX hermaphrodite and an XO male ( Fig. 18.1 ) .
In a hermaphrodite, spermatogenesis occurs in both arms of the U-shaped gonad during the fourth larval (L4) stage. As L4 hermaphrodites become young adults, spermatogenesis completely switches to oogenesis. Hence, adult hermaphrodites are somatically females, despite the presence of self-sperm in the spermatheca. Oogenesis is ongoing from the distal to the proximal direction in the adult worm gonads, so that the fertilization-ready oocyte resides at the most proximal region (−1 position in Fig. 18.1 ) . Figure 18 .2 shows a scheme of the ovulation-fertilization cycle. Before the fi rst ovulation, self-spermatids that had been produced during the L4 stage are localized in the proximal gonads of adult hermaphrodites (Step 1). When the fi rst −1 oocyte is ovulated, it pushes the previously produced spermatids out of the proximal gonad into the spermatheca (Step 2). Those spermatids rapidly transform into sperm (self-sperm) in the spermatheca, and one of them fertilizes the fi rst oocyte. Then, together with the remaining sperm, the fertilized oocyte moves into the uterus for the onset of embryogenesis (Step 3). The uterine sperm crawl back into the spermatheca and compete again for the next fertilization (Step 4). An adult hermaphrodite carries approximately 300 self-sperm in the spermatheca and eventually produces about 300 self-progeny. Thus, although the self-sperm are pushed into the uterus at every ovulation, most are capable of crawling back into the spermatheca so that nearly all the sperm can be consumed by fertilization. When self-fertilization occurs in wild-type hermaphrodites, 99.9 % of self-progeny are XX hermaphrodites.
In a male ( Fig. 18 .1 ), spermatogenesis fi rst occurs at the L4 stage and lasts throughout the entire life of the animal. Wild-type male spermatids are barely activated into sperm in the gonad. During mating to a hermaphrodite, male spermatids are ejaculated into the uterus through the vulva and then activated into sperm. The male sperm subsequently crawl into the spermatheca to fertilize oocytes. If self-sperm already exist in the spermatheca, male sperm have an advantage to fertilize oocytes, probably because of the larger size and faster crawling velocity of male-derived sperm than those of self-sperm. Consequently, after mating, fertilization mostly occurs between oocytes and male sperm, rather than between oocytes and self-sperm. This observation also indicates that outcrossing of an XX hermaphrodite and an XO male results in about half the progeny being males, in contrast to self-fertilization.
Male Germline Functions in C . elegans
Spermatogenesis
As shown in Fig. 18 .3 , during C . elegans reproduction, the male germline is involved in spermatogenesis, spermiogenesis, and fertilization (Singson et al. 2008 ; L'Hernault 2009 ; Nishimura and L'Hernault 2010 ) . Spermatogenesis is a process that produces four haploid spermatids from one diploid spermatocyte via meiosis ( Fig. 18.3a ) . A primary spermatocyte is fi rst divided into two secondary Fig. 18 .3 C . elegans spe genes acting during male germline functions. A part of the spe genes that are involved in either of spermatogenesis ( a ), spermiogenesis ( b ), or fertilization ( c ) are shown in these fi gures. In c , a square shows that a sperm contacts the oocyte plasma membrane through its pseudopod. (These fi gures were taken from the article by Nishimura and L'Hernault 2010 with the publisher's permission) spermatocytes during meiosis I. Then, each secondary spermatocyte undergoes meiosis II to generate two haploid spermatids, which have budded from an acellular residual body. The second cell division is asymmetrical, and the residual body receives many organelles and cytoplasmic proteins. One of the cytological features of mature spermatids is that this cell type possesses Golgi-derived, secretory membranous organelles (MOs) in the cytoplasm.
In contrast to mammals, C . elegans spermatogenesis is readily reproducible in vitro; spermatocytes that are released from dissected males can differentiate into spermatids in a simple, chemically defi ned medium (L'Hernault 2009 ; Nishimura and L'Hernault 2010 ) . Because this in vitro spermatogenesis can be completed within approximately 90 min, use of C . elegans provides a signifi cant advantage in studying spermatogenesis.
Spermiogenesis
During C . elegans spermiogenesis, a sessile round spermatid transforms into a motile, amoeboid sperm ( Fig. 18.3b ). Because no ribosomes are present in spermatids, spermiogenesis does not entail de novo protein synthesis. For crawling, each C . elegans sperm has a single pseudopod extending from its cell body, instead of a fl agellum. The pseudopod also acts as a binding/fusion site with the oocyte plasma membrane ( Fig. 18.3c ). Nematode sperm, differing from other amoeboid-like cell types, utilize the major sperm protein (MSP) as their cytoskeletal protein.
The MOs, which are present in the cytoplasm of a spermatid, have a secretory function during spermiogenesis. The MOs fuse with the spermatid plasma membrane and release their contents extracellularly. Moreover, some sperm proteins that play essential roles in fertilization translocate from the MOs to the pseudopod surface (see Sect. 18.3.3 ) . In this aspect, the MO might be analogous to the acrosome of fl agellated sperm.
The seminal fl uid contains the serine protease TRY-5, and this protein probably activates male-derived spermatids in vivo (Smith and Stanfi eld 2011 ) (see Sect. 18.3.2.2 ). TRY-5 might also activate hermaphrodite-derived spermatids, but hermaphrodites likely have a unknown, physiological activator(s) besides TRY-5. In vitro, spermatids can be activated into sperm by treatment with either the cationic ionophore Monensin, the weak base triethanolamine (TEA), the phosphoinositide-3-kinase inhibitor Wortmannin, or the bacterial serine protease mixture Pronase. Sperm generated by in vitro activation with TEA, but not Pronase, are competent to fertilize oocytes after the sperm are artifi cially inseminated into hermaphrodites.
Fertilization
C . elegans fertilization ( Fig. 18.3c ) is distinguished from mammalian fertilization in several ways. First, mammalian sperm undergo the acrosome reaction, which is essentially required before sperm-oocyte fusion. In contrast, C . elegans sperm lack an acrosome, probably because of the absence of any substantial egg coat (ex. the zona pellucida) surrounding C . elegans oocytes. Second, acrosome-reacted sperm of mammals bind to the oocyte plasma membrane at the equatorial region of the sperm head, whereas C . elegans sperm probably fi rst contact the oocyte plasma membrane via the pseudopod ( Fig. 18.3c ), which functionally corresponds to the fl agella of mammalian sperm. Third, in contrast to mammals, a system of in vitro fertilization (IVF) is not yet available for C . elegans .
On the other hand, the reproductive tract of C . elegans adult hermaphrodites is functionally analogous to that of mammalian females; the proximal gonad, spermatheca, and uterus of adult hermaphrodites play similar spatial roles to those of the ovary, oviduct, and uterus of mammals. As described in Sect. 18.1 , adult hermaphrodites are somatically females and no longer produce self-sperm. Hence, C . elegans might provide valuable insights into certain aspects of in vivo fertilization that are analogous to mammalian fertilization.
spe Genes Acting During the C . elegans Male Germline Functions
What Are spe Genes?
Mutants lacking either type of spe (spermatogenesis-or sperm-defective) genes produce spermatocytes, spermatids, or sperm of which the functions are aberrant during spermatogenesis, spermiogenesis, and fertilization (Singson et al. 2008 ; L'Hernault 2009 ; Nishimura and L'Hernault 2010 ) ( Fig. 18.3 ) . spe mutant hermaphrodites produce very few progeny and instead lay unfertilized oocytes. However, mating to wild-type males allows spe mutant hermaphrodites to produce outcross progeny. Thus, sperm, but not oocytes, are functionally defective in spe mutants. In other words, wild-type sperm are necessary and suffi cient to rescue the self-sterility of mutant hermaphrodites. Using these criteria, mutants that defi ne about 60 spe genes have been isolated after treatment of hermaphrodites with chemical mutagens.
Most spe genes are expressed specifi cally or predominantly in the C . elegans male germline as expected, although some genes that play important roles in male germline functions are also expressed in other tissues. Among spe genes so far identifi ed, spe -8 class and spe -9 class genes have been intensively studied; spe -8 class genes ( spe -8 , spe -12 , spe -19 , spe -27 , and spe -29 ) act in hermaphrodite-dependent spermiogenesis (see Sect. 18.3.2.1 and Table 18 .1 ), whereas fertilization requires spe -9 class genes ( spe -9 , spe -13 , spe -38 , spe -41 / trp -3 , and spe -42 ) (see Sect. 18.3.3 and Table 18 .2 ). (Minniti et al. 1996 ) , and spe -29 (Nance et al. 2000 ) ]. These mutant hermaphrodites, but not males, produce spermatids that do not undergo spermiogenesis in vivo. Figure 18 .4 shows one of the predicted models for C . elegans spermiogenesis (Nishimura and L'Hernault 2010 ). Spermatids derived from both hermaphrodites and males of spe -8 class mutants exhibit normal cytology before and after in vitro activation with Monensin or TEA (L'Hernault 2009 ; Nishimura and L'Hernault 2010 ) (see Sect. 18.2.2 ). However, by in vitro treatment with Pronase, spe -8 class mutant spermatids from either sex arrest at an intermediate stage; spiky projections are extended from mutant spermatids, but they never transform into pseudopods. Hence, spe -8 class mutant spermatids are likely to have defects in the spermiogenesis pathway that is affected by Pronase. These data suggest that both hermaphrodite-and male-derived spermatids contain two pathways for activation into sperm, which are dependent on or independent of spe -8 class genes. The spe -8 classdependent pathway seems to act during spermiogenesis in hermaphrodites, whereas males probably utilize the spe -8 class-independent pathway for spermatid activation. Among spe -8 class genes, spe -12 might be required for both the spermiogenesis pathways because spe -12 mutant males show partially defective spermatid activation.
spe -6 and spe -4 are required in spermatocytes for proper complex formation of the MO and the fi brous body (FB), which is an assembly of MSP bundles (L'Hernault 2009 ; Nishimura and L'Hernault 2010 ). Intriguingly, both these two genes also act in spermiogenesis; there are non-null, suppressor alleles of spe -6 (Muhlrad and Ward 2002 ) and spe -4 (Gosney et al. 2008 ) that rescue the selfsterility of spe -8 class mutant hermaphrodites. Thereby, SPE-6 and SPE-4 (Table 18 .1 ), which are a casein kinase 1-like Ser/Thr kinase and a presenilin 1-like aspartyl protease, respectively, appear to be downstream of the SPE-8 class proteins (Fig. 18.4 ) . At present, how SPE-6 and SPE-4 function during spermiogenesis is controversial. One of the possible interpretations ( Fig. 18.4 ) is that SPE-6 is active in resting spermatids to phosphorylate SPE-4, which contains predicted phosphorylation sites by casein kinase 1: this might disturb SPE-4 to appropriately cleave a membranous protein substrate(s), resulting in blocking spermatid activation. During spermiogenesis, SPE-6 activity is conversely reduced, and dephosphorylated SPE-4 becomes capable of proteolytically splitting its substrate(s). Fig. 18.4 Two predicted pathways for C . elegans spermiogenesis. To regulate spermiogenesis, there are likely two distinct pathways in all wild-type spermatids from hermaphrodites and males: one pathway is spe -8 class dependent and another is spe -8 class independent. Sex-specifi c activators probably determine which pathway is utilized. The spe -8 class-dependent pathway appears to be stimulated by an unknown hermaphrodite-derived activator(s) or the serine protease mixture Pronase. For males, the serine protease TRY-5 presumably activates spermatids via the spe -8 classindependent pathway, and its protease activity is blocked by the trypsin inhibitor-like protein SWM-1. To initiate spermiogenesis, these activators might be required to cleave a certain cellsurface protein(s). SPE-6, a casein kinase 1-like Ser/Thr kinase, is downstream of SPE-8 class proteins and is one of the common points between these two pathways. This kinase perhaps phosphorylates (shown as "P" in a ball) the presenilin 1-like aspartyl protease SPE-4, because SPE-4 has predicted phosphorylation sites by casein kinase 1. Then, by the phosphorylation, SPE-4 may become incapable of splitting a membranous protein substrate(s), leading to blocking spermiogenesis. On the other hand, SPE-6 activity presumably requires to be reduced so that dephosphorylated SPE-4 can cleave its substrate(s) for onset of spermiogenesis. Note that other interpretations for how SPE-6 and SPE-4 act downstream of SPE-8 class proteins are likely available. In this fi gure, the active and inactive status of each pathway are shown by solid and broken lines, respectively. Thick black arrows represent positive regulation, whereas negative regulation is expressed by Tshaped lines . PM plasma membrane. (These fi gures were taken from the article by Nishimura and L'Hernault 2010 with the publisher's permission)
spe -8 Class-Independent Spermiogenesis
As described in Sect. 18.2.2 , try -5 encodes a soluble serine protease that is a component of the seminal fl uids (Smith and Stanfi eld 2011 ) (Table 18 .1 ). Hermaphrodites and males of try -5 mutants are both fertile. However, the seminal fl uids of try -5 mutant males are incompetent to activate spermatids in vivo, unlike those of wild-type males. Moreover, males carrying double mutations in try -5 and spe -27 or spe -29 are sterile, whereas male fertility is not affected by any single mutation in spe -27 , spe -29 , or try -5 . Therefore, it is postulated from these fi ndings that (1) TRY-5 protease probably activates male-derived spermatids via the spe -8 classindependent pathway, and (2) male-derived spermatids can respond to a hermaphrodite-produced activator(s) that stimulates the spe -8 class-dependent pathway.
swm -1 is also implicated in male fertility (Stanfi eld and Villeneuve 2006 ; Smith and Stanfi eld 2011 ). In swm -1 mutant males, spermatids are ectopically activated into sperm within the male gonads, and these mutant sperm are not transferred normally into hermaphrodites during mating. Because swm -1 mutant sperm are capable of fertilizing oocytes after artifi cial insemination of the mutant sperm into wild-type hermaphrodites, the sterility of swm -1 mutant males is probably caused by this transfer defect. The swm -1 gene encodes a soluble protein with two trypsin inhibitor-like domains (Table 18 .1 ), both of which seem to react with TRY-5 and/or another serine protease(s) that is related to TRY-5 (ex. activator or substrate of TRY-5) (Smith and Stanfi eld 2011 ) . Thus, SWM-1 is very likely to block the premature spermatid activation by TRY-5 within the seminal vesicles. After ejaculation, TRY-5 or its related serine protease(s) probably become free from SWM-1 in the uterus, and activation of male spermatids immediately occurs.
Recently, it was found that male spermatids of Ascaris suum (As) secrete the Serpin (serine protease inhibitor) family protein As_SRP-1, which seems to block the activity of As_TRY-5 ( Ascaris orthologue of TRY-5) (Zhao et al. 2012 ) . Therefore, C . elegans SPR-1 (Table 18 .1 ), in addition to SWM-1, presumably regulates the TRY-5 protease activity to prevent male spermatids from ectopic activation in the male reproductive tract.
spe Genes Involved in Fertilization
As one of the spe -9 class genes is disturbed, hermaphrodites and males produce otherwise normal sperm that cannot fertilize oocytes [ spe -9 (L'Hernault et al. 1988 ; Singson et al. 1998 ; Zannoni et al. 2003 ; Putiri et al. 2004 ), spe -13 (L'Hernault et al. 1988 Putiri et al. 2004 ) , spe -38 , spe -41 / trp -3 (Xu and Sternberg 2003 ) , and spe -42 (Kroft et al. 2005 ) ]. There are at least two interpretations for this phenotype. First, spe -9 class mutant sperm bind to the oocyte plasma membrane with very low affi nities and thus mutant sperm are easily detached from the oocyte plasma membrane or cannot proceed to the next step, such as spermoocyte fusion. Second, spe -9 class mutant sperm normally bind to the oocyte plasma membrane, but a defect in fusion occurs.
At any rate, it is very likely that SPE-9 class proteins (Fig. 18 .5 and Table 18 .2 ) play critical roles during sperm-oocyte interactions (binding or fusion).
spe -9
SPE-9 is a single-pass transmembrane protein containing ten epidermal growth factor (EGF)-like domains (Fig. 18.5a ). The overall domain structure of SPE-9 is similar to those of ligands for the Notch/LIN-12/GLP-1 family: Delta, Serrate, and Jagged1. Moreover, as these Notch family ligand proteins, the EGF-like domains of SPE-9 are essential for its function in C . elegans fertilization (Putiri et al. 2004 ) . Therefore, SPE-9 might be a ligand for a putative sperm receptor(s) on the oocyte surface, although SPE-9 has no DSL domain, which characterizes the Delta/Serrate/ LAG-2 family (Cordle et al. 2008 ) . This hypothesis does not confl ict with the fact that SPE-9 is localized on the surface of pseudopods, through which sperm bind/ fuse with oocytes. 
spe -42
SPE-42 is a six-pass transmembrane protein (Fig. 18.5b ), but its localization is yet unclear. This protein contains two functional domains, the DC-STAMP (dendritic cell-specifi c transmembrane protein) and the C4C4-type RING fi nger domains (Fig. 18.5b ) . Mammalian DC-STAMPs are known to mediate cell-cell fusion of osteoclasts and foreign-body giant cells. Moreover, the Drosophila gene sneaky , presumably the orthologue of spe -42 , is involved in sperm plasma membrane breakdown after the fl y sperm enter the oocytes (Wilson et al. 2006 ). Thus, SPE-42 might act in sperm-oocyte fusion via the DC-STAMP domain.
The C-terminal RING fi nger domain of SPE-42 is essentially required for C . elegans fertilization (Wilson et al. 2011 ) . The C4C4-type RING fi nger domains generally act in protein-protein interactions, suggesting that this domain of SPE-42 could be a binding site with another sperm protein(s). It is also possible that the SPE-42 RING fi nger domain might have a ubiquitin E3 ligase activity, similar to the human RING fi nger protein CNOT4, although most RING fi nger E3 ligases are a C3HC4 type. Consequently, SPE-42 possibly catalyzes the ubiquitination of a sperm protein(s) that acts during sperm-oocyte interactions to regulate the localization or function of that protein(s) (Nishimura and L'Hernault 2010 ).
spe -38
This gene encodes a four-pass transmembrane protein with no other signifi cant domains (Fig. 18.5c ). SPE-38 is located within the MOs in spermatids, but it appears on the cell surface after MO fusion with the spermatid plasma membrane. SPE-38 is probably involved in sperm-oocyte interactions because it localizes to pseudopods as does SPE-9. Recently, this protein was found to associate with SPE-41/ TRP-3 to regulate the SPE-41/TRP-3 localization (Singaravelu et al. 2012 ) .
spe -41 / trp -3
SPE-41/TRP-3 belongs to the TRPC [transient receptor potential (TRP)-canonical] superfamily of cation channels (Fig. 18.5d ). Indeed, SPE-41/TRP-3 was demonstrated to act as a calcium channel in sperm, but not in spermatids. This fi nding is in good agreement with the SPE-41/TRP-3 localization; SPE-41/TRP-3 is intracellularly localized in the MOs of spermatids, and during spermiogenesis, this protein translocates onto the surface of both the pseudopod and the cell body. Again, the pseudopod is the place where sperm-oocyte interactions are thought to occur. On the C . elegans sperm surface, SPE-41/TRP-3 probably forms a homo-or heterotetramer through the ankyrin and coiled-coil domains, as do other members of the TRP family. Sperm-oocyte binding might produce a signal to open the SPE-41/TRP-3 channel, and the ensuing calcium infl ux would trigger gamete fusion. Moreover, we have recently found that a male germline-specifi c gene encoding an immunoglobulin (Ig)-like transmembrane protein is essentially required for C . elegans fertilization, similar to the mouse Izumo1 gene (Inoue et al. 2005 ) . This observation indicates that the C . elegans Ig-like gene belongs to the spe -9 class, and functional studies of this gene are currently ongoing in our laboratories.
Perspectives
We see two major reasons why C . elegans is useful for the study of reproductive biology. First, as already described, numerous mutants that are defective in reproduction can be easily created. These mutants are powerful tools to identify C . elegans genes that are indispensable for reproduction. For example, one area that is especially important and poorly understood in any species is the mechanism of sperm-oocyte binding and fusion. C . elegans spe -9 class mutants, in which otherwise normal sperm fail to properly bind to or fuse with the oocyte plasma membrane, are the largest collection of gamete interaction-defective mutants in any organism.
Second, C . elegans is optically transparent, which allows in vivo analysis of reproduction. Because small chemicals, peptides, and antibodies can be introduced into worms by soaking, feeding, or microinjection, this animal can be used as a kind of "in vivo test tube," which is a unique property in reproductive research. These experiments might result in development and evaluation of drugs for infertile or contraceptive therapies.
A current problem of the C . elegans reproductive research is that an IVF system is not available (see Sect. 18.2.3 ). Development of this system enables us to determine the precise point at which mutants affect fertilization. Moreover, an IVF assay would be useful to examine candidate drugs for infertile or contraceptive therapy in addition to testing them by in vivo C . elegans fertilization.
